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What are high surface area particles?

Surface area

> 1000 m2 /g
> 500 m2 /g
> 400 m2 /g

Activated carbon

Zeolite

Silica gel

The porosity exists in different levels, and thus, is
defined in a hierarchical way.

The existence of the pores inside the particles
makes the surface area of this type of materials
larger compared with solid particles.
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Review of the rigid model for particle stacks
A typical high surface area material is activated
carbon, for which a triple porosity model was
proposed by Venegas and Umnova in 2016

Or it can be explained by the increased wavenumber/reduced phase speed resulting from
decreased stiffness

The sorption process is correlated with an
improvement of low frequency acoustic
absorption, as it softens the equivalent fluid.
air molecules

𝒪 nm
Density inside micropores
increases due to sorption, thus,
softening the equivalent fluid

Need a fibrous matrix to hold these high surface
area particles -> Particle-fiber composites
SAE International®
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Review of the rigid model for particle stacks
Molecules adsorbed
on pore wall
Molecules moving
through pore

A rigid model for materials
with two levels of porosity
2𝑟𝑚
was proposed by Venegas
and Boutin in 2017.
Two diffusion mechanisms
applied in micropores in parallel
Interstitial space

The transport void
fraction can be
calculated as,
𝜑 = 1 − 𝑑/𝑟𝑚

Same 𝜙𝑚

• The porosities are defined at two levels, i.e., the interstitial space
between particles is defined as the macroscopic pores, while those
within particles are defined as micropores. The corresponding
With the illustration above,
Blue area
porosities are denoted as 𝜙𝑝 and 𝜙𝑚 .
𝜙𝑝 =
Hexagon area
• The advantage of such definition is that the microporosity is a
White dots area
𝜙𝑚 =
constant property for the same type of materials no matter how the
Black circles area
particles are arranged.
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Review of the rigid model for particle stacks
For spherical particles, the bulk modulus
of the interstitial fluid can be calculated
with corresponding thermal permeability
𝑘𝑝′ ,
−1
𝑘𝑝′
𝛾𝑃0
𝐵𝑝 =
𝛾 − 𝑗𝜔𝜌0 𝑃𝑟 𝛾 − 1
𝜙𝑝
𝜙𝑝 𝜂

2𝑟𝑚

While the sorption and diffusion in
micropores are accounted for by,
−1

𝐵𝑚 =
Interstitial space

𝛾𝑃0
𝑗𝜔𝐺 𝜔
𝛾𝑀ℎ 1 −
𝜙𝑝
1 − 𝜙𝑝 𝒟𝑎𝑝𝑝

The total bulk modulus,
𝐵 = 1/𝐵𝑝 + 1/𝐵𝑚
SAE International®
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For the rigid model, the wavenumber
in the porous material, 𝑞, is related
to the viscous permeability 𝑘𝑡𝑏 and
the bulk modulus 𝐵,
𝑞 = 𝜔 𝜂/𝑗𝜔𝑘𝑡𝑏 𝐵
With the wavenumber obtained, the
absorption coefficient can be further
calculated as,
2
𝑧𝑛 − 1
𝛼=1 −
𝑧𝑛 + 1
where 𝑧𝑛 is the normalized surface
impedance,
𝜌𝑒𝑞 𝜔
𝑧𝑛 = −𝑗
cot 𝑞𝑑
𝑞𝜌0 𝑐0
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The hybrid model for composites
Takes the diffusion and sorption
associated with micropores into
consideration

Flow resistivity from
particle is far less than
that from fibers
𝜎 ≈ 𝜎𝑓
8𝜂𝛼∞
Apply JCA model and the relation
Λ=
between flow resistivity and
𝜙𝜎
characteristic lengths
Λ′ = 2Λ

Interstitial space
filled with equivalent
fluid described by
JCA model
SAE International®
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Use Tarnow’s equation to obtained
flow resistivity 𝜎
4𝜋𝜂𝑠𝑓
𝜎= 2
𝜋𝑟𝑓 (−0.64 ln 𝑠𝑓 + 𝑠𝑓 − 0.737)

Apply double
porosity model
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The hybrid model for composites
Particle 𝜙
Bulk
𝑚
density ratio
𝜌𝑏

𝑤𝑐

𝑤𝑓

𝑟𝑓

𝜌𝑓

𝜌𝑐

Fiber
radius

Micro
porosity
Pre-calculation
Fiber
ratio

𝑎∞

𝜙
Porosity
𝜎

Macro bulk
modulus
Macro equivalent
density

Limp equivalent density

𝑘𝑙𝑖𝑚𝑝

JCA Limp Model
Limp wavenumber
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JCA Model

𝜙

𝜌𝑒𝑞

𝜌𝑏

𝐵𝑓
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Apparent
diffusivity
𝒟𝑎𝑝𝑝

𝜙𝑚

𝐵𝑒𝑞

Micropore
radius

𝑟𝑚

𝜙𝑝

𝑏

𝑟𝑝

Flow resistivity

Fiber
Particle
solid
solid
density density

𝜌𝑙𝑖𝑚𝑝

Tortuosity

‘Porosity’ of Langmuir Particle
nonporous constant radius
particles
Particle Model

Total bulk
modulus
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Measurement and optimization
Sound
source

Sound
source

The measurement results include absorption coefficient of zeolite particles and
silica gel particles, and fiber-based composites made with ground zeolite particles, and silica gel particles.
The measurements were conducted in a
vertically positioned standing wave tube,
following standard E1050 for two microphone standing wave tube tests.
The measured absorption coefficients
are then compared with model prediction for parameter fitting.

min

𝑓(𝐱) = 𝐰 T 𝛂 − 𝛂𝑚 2 /𝑁

s. t.

𝐱 𝑙𝑏 < 𝐱 < 𝐱 𝑢𝒃

𝐱

SAE International®
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The optimization procedure is based on
particle swarm optimization, which is
realized by the constrained particle
swam optimization package.
During the fitting, the measurements
below 100 Hz were discarded.

9

Results – Zeolite particle stack

ground zeolite
ground zeolite
500 𝜇m particles
particles

10.0 𝜇m

For validation of the rigid model, a 30-mm-thick
stack of zeolite particles, which were not ground,
was tested.
The particle has a size of 2 mm, and pore size
mode of 0.5 nm.
SAE International®
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Input parameters

Fitted values

𝜙𝑝

0.30

𝜙𝑚

0.54

𝑟𝑚 [nm]

0.26

𝑏[Pa−1 ]

1.0 × 10−6

𝒟𝑎𝑝𝑝 [m2 /s]

4.0 × 10−10
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Results – Silica Gel particle stack

Silica gel
particles

500 𝜇m

Silica gel
particles

10.0 𝜇m

For validation of the rigid model, a 20-mm-thick
stack of silica gel particles was tested.
The particles had sizes ranging from 200 𝜇m to
500 𝜇m, and pore size mode of 6 nm.
SAE International®
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Input parameters
𝜙𝑝
𝜙𝑚
𝑟𝑝 [mm]
𝑟𝑚 [nm]
𝑏 [Pa−1 ]
𝒟𝑎𝑝𝑝 [m2 /s]

Fitted values
0.26
0.60
0.22
3.5
2.3 × 10−6
1.4 × 10−5
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Results – Particle Stacks
A possible explanation for
the difference behavior of
the stacks is the different
particle sizes.

Closer results with micro-pores open and
closed for zeolite particles compared with
silica gel particles. It is directly from the
difference in fitted diffusivity, which is further
related to the pore size.
SAE International®
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The Fitting result shows that the rigid model of
double porosity material can provide predictions
that match well the measurements for both cases.
Thus, the rigid model is validated and can then be
used in the hybrid model.
21NVC_0212
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Results – Silica Gel/Fiber composite
A cut sample of silica gel – fiber composite.
The sample had a basis weight of 423
GSM, with particles accounting for 30% of
its weight. The measurement was taken
with 3 layers of samples stacked together,
with a total nominal thickness of 10 mm.

Input parameters

Fitted values

Input parameters

Fitted values

𝑑 [mm]

13

𝑏 [Pa−1 ]

7.1 × 10−6

𝜙𝑚

0.59

𝒟𝑎𝑝𝑝 [m2 /s]

9.2 × 10−5

𝑟𝑝 [mm]

0.14

𝑟𝑓 [μm]

3.2

𝑟𝑚 [nm]

2.3

𝛼∞

2.0
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Results – Zeolite/Fiber composite
A cut sample of zeolite – fiber composite.
The sample has a basis weight of 415
GSM, with particles accounting for 40% of
its weight. The measurement was taken
with 3 layers of samples stacked together,
with a total nominal thickness of 10 mm.
The ground zeolite particles had a particle
size ranging from 210 𝜇m to 450 𝜇m.
Input parameters

Fitted values

Input parameters

Fitted values

𝑑 [mm]

12

𝑏 [Pa−1 ]

7.7 × 10−6

𝜙𝑚

0.56

𝒟𝑎𝑝𝑝 [m2 /s]

1.0 × 10−9

𝑟𝑝 [mm]

0.105

𝑟𝑓 [μm]

2.7

𝑟𝑚 [nm]

0.22

𝛼∞

2.0
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Conclusions
Summary
• The rigid model was validated for the particle stacks
The double porosity model provides prediction closely matching the measured absorption
coefficients of particle stacks
• The micropores helped improve the absorption coefficient of the particle stacks
The difference in contribution of micropores comes from the difference in fitted diffusivity,
which is further related to micropore dimensions
• The hybrid limp model is able to closely match the composite measurements
For the fiber-based composites with zeolite and silica gel particles, the model is able to
generate predictions that match the measurement of absorption coefficients well
Future work
• Study composites with higher concentration of particles
• Developing a poro-elastic version of the hybrid model to take the elasticity of the frame into
consideration
• The high surface area particles made from different materials, and with different sizes of pores
will be studied
SAE International®
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21NVC_0212

15

References
1. Allard, J. F. and Atalla, N., Propagation of Sound in Porous Media: Modelling Sound
Absorbing Materials, Second Edition, John Wiley & Sons, Ltd, 2009.
2. Venegas, R. and Umnova, O., "Acoustical Properties of Double Porosity Granular Materials," J.
Acoust. Soc. Am. 130(5): 2765-2776, 2011, doi:10.1121/1.3644915.
3. Venegas, R. and Umnova, O., "Influence of Sorption on Sound Propagation in Granular
Activated Carbon," J. Acoust. Soc. Am. 140(2): 755-766, 2016, doi:10.1121/1.4959006.
4. Venegas, R. and Boutin, C., "Acoustics of Sorptive Porous Materials," Wave Motion 68: 162181, 2017, doi: 10.1016/j.wavemoti.2016.09.010.
5. Venegas, R., Boutin, C, and Umnova, O., "Acoustics of Multiscale Sorptive Porous Materials,"
Phys. Fluids. 29(8): 082006, 2017, doi:10.1063/1.4999053.
6. Mellow, T., Umnova, O., Drossos, K., Holland, K. et al., "On the Adsorption‐desorption
Relaxation Time of Carbon in Very Narrow Ducts," in Proceedings of Acoustics 08, Paris, 2008.
7. Xue, Y., “Modeling and Design Methodologies for Sound Absorbing Porous Materials When
Used as Layered Vibration Dampers,” (Ph.D. dissertation), Purdue University, 2019.
8. Tarnow, V., "Airflow Resistivity of Models of Fibrous Acoustic Materials," J. Acoust. Soc. Am.
100(6): 3706-3713, 1996, doi:10.1121/1.417233.
SAE International®
Noise and Vibration Conference

21NVC_0212

16

References
9. Bécot, F.-X., and Jaouen, L., "An Alternative Biot’s Formulation for Dissipative Porous Media
with Skeleton Deformation," J. Acoust. Soc. Am. 134 (6): 4801-4807, 2013,
doi:10.1121/1.4826175.
10. “Standard Test Method for Impedance and Absorption of Acoustical Materials Using a Tube,
Two Microphones and a Digital Frequency Analysis System,” ASTM Standard E1050.
11. Chen, S., “Constrained Particle Swarm Optimization,” 2009-2018. [online]. Available:
https://www.mathworks.com/matlabcentral/fileexchange/25986-constrained-particle-swarmoptimization. [Accessed 28 December 2020].
12. Zhang, W., Thompson, K. E., Reed, A. H., and Beeken, L., "Relationship between Packing
Structure and Porosity in Fixed Beds of Equilateral Cylindrical Particles," Chem. Eng. Sci.
61(24): 8060-8074, 2006, doi:10.1016/j.ces.2006.09.036.

SAE International®
Noise and Vibration Conference

21NVC_0212

17

Contact Info

Thank you !

• Zhuang Mo
• Purdue University
• Ray W. Herrick Labs • 177 S. Russell St.,
West Lafayette, IN 47907-2099.
• 7654091661
• mo26@purdue.edu
SAE International®
Noise and Vibration Conference

21NVC_0212

18

